During locomotion, animals rely on multiple sensory modalities to maintain stability. External cues may guide behaviour, but they must be interpreted in the context of the animal's own body movements. Mechanosensory cues that can resolve dynamic internal and environmental conditions, like those from vertebrate vestibular systems or other proprioceptors, are essential for guided movement. How do afferent proprioceptor neurons transform movement into a neural code? In flies, modified hindwings known as halteres detect forces produced by body rotations and are essential for flight. However, the mechanisms by which haltere neurons transform forces resulting from three-dimensional body rotations into patterns of neural spikes are unknown. We use intracellular electrodes to record from haltere primary afferent neurons during a range of haltere motions. We find that spike timing activity of individual neurons changes with displacement and propose a mechanism by which single neurons can encode three-dimensional haltere movements during flight.
Introduction
Tapping on the window pane, a fly attempts to cross the invisible glass barrier. Each time she collides, her body tumbles, but she never falls completely. How are flies so adept at righting themselves when knocked off balance by an unseen obstacle? One adaptation they possess is a set of specialized sensory organs called halteres (figure 1a-c). Flies cannot fly without halteres, as a major function of halteres is to detect body rotations that occur during flight [1] [2] [3] [4] . The haltere's primary function is to provide sensory input to wing steering [3, 5] and neck motoneurons [6 -8] so that the fly can maintain a stable flight path as well as control its gaze.
During a body rotation, several forces act on the halteres. The two largest forces are the inertial force from wingbeat-synchronous haltere oscillations (figure 1a) and the Coriolis force [9] . The Coriolis force causes torsion at the haltere base that can alter its trajectory, particularly its lateral displacement [9] [10] [11] [12] . The forces resulting from changes in the haltere's position are detected by fields of mechanosensory campaniform sensilla located at the base (figure 1c-e) [13, 14] . Neurons within the sensilla provide precise, phase-locked responses when the haltere is oscillated [1, 15] .
How are haltere deflections encoded by haltere sensory neurons? The spiking activity of primary afferent neurons is the only representation of the haltere's movement available to the nervous system, and thus information contained in these spikes is essential for flight. Our current knowledge of information processing in single afferents is limited to fully restrained animals experiencing artificial haltere movements [1, 15, 16] . Measuring spiking activity in flying flies is challenging because the haltere nerve runs directly past two sets of large flight muscles contracting at high frequency. Still, data from tethered experiments led to two non-exclusive hypotheses that may explain mechanisms by which haltere neurons encode changes in haltere stroke plane.
First, a change in the stroke plane could recruit specific afferents. This mechanism was first proposed in 1948 by J. W. S. Pringle in his comprehensive study of haltere mechanics and physiology [1] . Under this hypothesis, different types of body rotation would activate different populations of campaniform sensilla. A downstream neuron could distinguish turns of different directions and magnitudes by integrating the activity of sensilla groups. Different neurons could have different thresholds of activation that change with the stroke plane. A neuron that is activated when the haltere oscillates above a particular amplitude and frequency in one plane could be activated at a lower or higher amplitude and frequency in another. Thus, the threshold of activation could encode information about the haltere's lateral displacement.
In the second hypothesis, individual afferent neurons could change the timing of their action potentials as the haltere's position changed. Afferent neurons are tightly phase-locked to haltere oscillation [1, 15, 16] , and in experiments in which the haltere was oscillated in a single plane, different neurons fire at unique times with respect to the oscillation. In an encoding scheme based on spike timing, information about body rotation could be obtained from the spike time of a single campaniform sensillum. This hypothesis was also introduced in Pringle's work, in which he postulated that some cells will shift their firing phase corresponding to the magnitude of the turn (figure 1f ). At the time, Pringle was unable to record from single sensory cells to confirm this: an attempt to simulate a yaw turn during an extracellular recording resulted in a 'confused jumble of spikes' that were difficult to interpret.
Here, we use sharp intracellular electrode recordings to test both of these hypotheses and determine if lateral haltere displacements (like those a fly might experience during a body rotation) result in lower thresholds of activation or in phase shifts in haltere sensory neurons. The spiking activity we recorded provides evidence supporting both hypotheses and provides a potential mechanism for encoding body rotations through haltere lateral displacement.
Methods (a) Recording ethological haltere oscillations
A high-speed camera captured the halteres of freely walking flies at 2000 fps (Fastec Imaging, San Diego, CA, USA). Wings were removed to prevent flight and to ensure haltere visibility. Positions of the haltere tip and base were digitized using DLTDATAVIEWER [17] . In some trials, two synchronized cameras were used to observe both halteres simultaneously.
(b) Preparation for nerve recordings
Experiments were performed on adult flesh flies (Sarcophaga bullata; Carolina Biological, Burlington, NC, USA) taken from our laboratory colony. Animals were given food and water ad libitum, and kept on a 12 L: 12 D cycle at 278C. Flies were anaesthetized at 08C for 2 -3 min. Wings, legs and calypters were removed before tethering the flies dorsal side up to a wooden tether. The exoskeleton and wing muscles above the haltere nerve were removed to expose the nerve for intracellular recording (figure 1b inset). Insect saline (in millimolar: 150 NaCl, 3.1 KCl, 5.4 CaCl 2 , 1.0 MgCl 2 , 2.0 NaOH, 5.0 N-tris[hydroxymethyl]methyl-2-amino ethanesulfonic acid [18] ) was added to the thoracic cavity to cover the neural tissue. Prior to each experiment, we verified that the fly was able to spontaneously oscillate both halteres at natural oscillation frequency (approx. 200 Hz).
(c) Electrophysiology
We recorded intracellularly from single axons in the haltere nerve using sharp quartz electrodes (figure 1b inset). Glass capillaries with outer diameter of 1.0 mm and inner diameter of 0.70 mm (Sutter Instruments, QF100-70-10) were pulled to a resistance of approximately 15 MV using a laser puller (Sutter Instruments P-2000) and filled with 1 M KCl. The indifferent electrode was a hooked silver wire, placed in the hemolymph, that doubled as a support platform for the haltere nerve. The signal was sampled at 16 kHz, filtered and amplified through an AM rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181759
Systems amplifier (Model 1600, Carlsborg, WA, USA). Data were recorded onto a computer using SPIKE2 (CED, Cambridge, UK) and a Micro 1401 AD board (CED). We used custom-written MATLAB software (The MathWorks, Natick, MA, USA) for spike phase and frequency analysis. In a minority of cells, there were multiple spikes per oscillation. This only occurred during motor-driven oscillation experiments at low frequencies. In these cases, we used the first spike in the burst to measure the phase of activation.
(d) Haltere stimulation
During intracellular recordings, flies were allowed to oscillate their halteres naturally (self-generated oscillations), and the halteres were also oscillated by a servo motor (motor-driven oscillations). To oscillate the haltere with a servo motor, we attached an iron filing (100 -300 mm diameter) to the haltere bulb with glue (figure 1b; Loctite Super Glue-Ultragel Control, Dü sseldorf, Germany). A servo motor (Aurora Scientific, Ontario, Canada) with a small rare-earth magnet glued to the lever arm was then used to move the haltere at various amplitudes and frequencies. Motor commands were controlled by custom MATLAB software and sent to the motor (USB-6229 M Series, National Instruments, Austin, TX, USA). The motordriven amplitudes and frequencies tested were similar to those observed in self-generated haltere motions.
In our initial experiments, we allowed the haltere to rest at a natural angle relative to the body and oscillated the haltere dorsoventrally at this angle (electronic supplementary material, movie S1: centre position). This angle varied between animals. To observe how changing the haltere's lateral displacement influenced its spiking activity, the motor was placed either anterior or posterior to the natural resting position (centre) of the haltere, drawing the haltere anterior or posterior with respect to the body (electronic supplementary material, movie S1). Haltere movements were captured by high-speed video at 2000 fps (Fastec Imaging) and digitized as above. The lateral displacement angle was measured using photographs of the fly's dorsal aspect taken through a cell phone camera mounted on a dissecting microscope (Mi Platform; Scientific Device Laboratory, Plaines, IL, USA). Lateral displacement angles were similar across animals.
Results
(a) Spontaneous haltere oscillations are similar in freely behaving and tethered flies
Flesh flies, like other members of the Calyptratae, oscillate their halteres during both flight and walking behaviours (figure 1a) [19, 20] . When walking, the oscillations occur in short bursts, similar to those observed in tethered flies (figure 2a). We compared oscillation behaviour in freely walking animals versus animals that were tethered and prepared for electrophysiology. The tethered flies lacked wings, legs and indirect flight muscles, but were still observed to spontaneously oscillate their halteres [20] . Wings were removed before filming in both walking and tethered flies, so we observed the wing stumps to ensure that the indirect flight muscles were not being activated in an attempt to fly. The amplitude of oscillation was similar for freely walking (median amplitude 147.0 + 33.38) and tethered flies (median amplitude 144.8 + 32.58; n ¼ 23 bouts in seven freely walking and five tethered animals, Wilcoxon rank-sum test, p ¼ 1; figure 2b ). The frequency of oscillation was also similar for tethered (median frequency 120.7 + 67.52 Hz) and freely walking flies (median frequency 173.6 + 67.12 Hz; n ¼ 24 bouts in seven freely walking and five tethered animals, Wilcoxon rank-sum test, p ¼ 0.64; figure 2c). These frequencies were also within ranges previously reported for tethered flying Sarcophaga [20] . These results indicated that the selfgenerated haltere oscillations observed in tethered flies are similar to haltere movements that occur in behaving flies.
(b) Cells activated by self-generated and motor-driven oscillations phase-lock with similar precision
When flies oscillate their halteres during flight and other behaviours, the motion is driven by haltere muscles located within the thorax, beneath the base of the haltere [20, 21] . Though these muscles are greatly reduced in size compared with the wing muscles, they are capable of oscillating the halteres independently from the wings [20, 21] . When we oscillated the halteres in our experiments, the motion was not driven by the wing or haltere muscles, but instead through the connection of the iron filing attached to the haltere bulb and the magnet attached to the motor. Both types of actuation (self-generated and motor-driven) produced similar motion, as captured by high-speed video (electronic supplementary material, movie S2; figure 3a,b), but it is possible that these two sources of haltere motion (motor versus muscles) do not produce the same types of response in the primary afferents. We compared the activity of cells during spontaneous self-generated oscillations with that of our motor-driven experiments and found that responses to both self-generated oscillations and motor-driven oscillations were phase-locked (figure 2d ). Phase-locking activity was quantified using vector strength [22] . The calculated vector strengths were very high (between 0.81 and 1) for all cells recorded. The median vector strength during self-generated oscillations was 0.97 + 0.05 and the median vector strength during motor-driven oscillations was 0.96 + 0.04. These groups were not significantly different (Wilcoxon rank-sum test, p ¼ 0.99; figure 2d ). We also found that cells responded with a wide distribution of preferred phases in both self-generated and motor-driven experiments (figure 2e).
(c) Sensilla respond to low amplitudes and frequencies during motor-driven oscillations, but not during self-generated haltere oscillations
Primary afferent cells were activated at much lower frequencies and amplitudes during motor-driven haltere oscillations than during self-generated oscillations (figure 3a). The amplitude and frequency of the oscillations were gradually increased (a 'sweep' in frequency or amplitude) to determine the thresholds at which cells respond to motor-driven oscillations. Self-generated oscillations naturally increase and decrease in amplitude and frequency over time (figure 3a), so we were able to compare the thresholds of activation for the motor-driven and self-generated haltere oscillations. Across all cells, self-generated oscillations resulted in a higher amplitude and frequency threshold of activation than motor-driven oscillations. The median amplitude threshold for self-generated oscillations was 140 + 25.78, which was higher than the median motor-driven oscillation amplitude threshold of 26 + 23.88 (n ¼ 15 self-generated bouts/cells and n ¼ 7 motor-driven bouts/cells in seven animals, Wilcoxon rank-sum test, rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181759 p 0.001; figure 3c). The frequency threshold for self-generated oscillations was 93 + 56.9 Hz, and for the motor-driven oscillations it was 14 + 9.1 Hz (n ¼ 14 self-generated bouts/ cells and n ¼ 11 motor-driven bouts/cells in seven animals, Wilcoxon rank-sum test, p 0.001; figure 3d).
(d) Eliminating neural feedback does not change the activation threshold
The high-speed video recordings of self-generated and motordriven oscillations showed virtually identical trajectories (figure 3a,b; electronic supplementary material, movie S2). Why are the responses to motor-driven oscillations elicited at much lower frequencies and amplitudes? Behavioural state changes have been shown to change the sensitivity of peripheral sensory neurons in flies [23 -25] . We hypothesized that feedback from the central nervous system could raise the firing thresholds of haltere neurons during active oscillations. We removed any direct modulatory inputs to the primary afferents by cutting the haltere nerve and recording from the primary afferent axons above the cut. The amplitude and frequency threshold of activation remained the same in intact and nerve-cut preparations. The amplitude thresholds for flies with intact (median amplitude threshold 142 + 10.38) and cut haltere nerves (median amplitude threshold 140 + 18.68) were similar (n ¼ 6 bouts recorded in 6 cells for each condition in 2 animals, Wilcoxon rank-sum test, p ¼ 0.76; figure 3e). The frequency thresholds for flies with intact (median frequency threshold 182 + 14.1 Hz) and cut haltere nerves (median frequency threshold 174 + 14.1 Hz) were also similar (n ¼ 6 bouts recorded in six cells for each condition in two animals, Wilcoxon rank-sum test, p ¼ 1; figure 3f ).
(e) Amplitude and frequency thresholds change with lateral displacement
To test whether the differences in frequency and amplitude thresholds we saw in the self-generated versus motordriven oscillations were due to a slight difference in haltere trajectory, we compared activation thresholds within individual cells at different lateral displacements (electronic rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181759 position changed. We oscillated the haltere at frequencies between 5 and 150 Hz at different angles relative to the fly's body. All cells remained phase-locked to the haltere oscillations regardless of position. We observed three different types of encoding using the spike phase. In some cells, the phase of activation varied across lateral displacement angles: changing the lateral position of the haltere before oscillating it resulted in a different firing phase for the leading spike in each burst ( figure 5a,b) . In other cells, changing the lateral displacement of the haltere had no effect on the spike phase ( figure 5c,d) . Finally, instead of the phase shifting continuously in one direction with increasing lateral displacement, some cells' phase shifted in the same direction regardless of whether the haltere was pushed anterior or posterior from the centre (figure 5e,f ).
Overall, half of the cells shifted phase and the other half did not (n ¼ 12 cells). We categorized two of the phaseshifting cells as 'one-way' because their phase of activation shifted continuously in one direction as we moved the haltere from anterior to posterior (e.g. figure 5a,b) . Two other cells were classified as 'two-way' because as the haltere was moved from anterior to centre, the phase shifted in one direction, but as the haltere was moved from centre to posterior, the phase shifted in the opposite direction (e.g. figure 5e,f ) . In two cells, we were only able to collect data for two lateral displacement positions. There was a phase shift observed in both cells, but without a third position to compare, it is unclear whether they are 'one-' or 'two-way' shifting cells. Six cells did not shift their phase in response to lateral displacement (e.g. figure 5c,d ). All 12 cells also exhibited the amplitude and frequency threshold shifts described in figure 4.
Discussion
Seventy years ago, Pringle's extracellular recordings led to two hypotheses for the mechanism of encoding body rotations in the firing patterns of haltere primary afferent neurons [1] . Here, we provide support for both hypotheses and show that not only can haltere stroke plane be encoded using the firing phase of individual campaniform sensilla, but also that specific afferents are recruited as the haltere's position changes.
Our experiments showing that the threshold of activation is dependent on the stroke plane (figure 4) support Pringle's hypothesis that neurons can be recruited when the haltere lateral displacement changes. We show that the adequate stimulus to activate a single neuron in one plane of oscillation may not be adequate in a different plane.
The haltere campaniform sensilla are organized into five distinct fields such that their directional preferences of activation vary [1, 26] . In particular, the dF1, dF2 and vF1 fields are composed of rows of sensilla oriented parallel to the haltere stalk (presumably to detect the large flapping motion), whereas the vF2 and dF3 fields contain rows of sensilla arranged perpendicular to the stalk, and are maximally sensitive to lateral displacements [5, 14, 26, 27] . Though the small size of the primary afferent axons currently prevents the simultaneous rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181759 measurements of their physiological properties and specific locations, the encoding properties reported here are consistent with the hypothesis that afferent neurons from some, but not all, fields of sensilla will be activated preferentially when the haltere is moved out of its natural stroke plane. The second hypothesis, that the timing of action potentials could encode haltere motion, was supported by data showing that firing phase shifts with lateral displacement. Because the phase will shift with different haltere motions, a downstream neuron would be able to use the spike timing of primary sensilla to distinguish different types of haltere motion. The location of a particular sensillum could determine whether its phase will shift in response to a change in haltere trajectory. We used the same types of stimuli for all cells recorded, so if the axons from which we recorded emanated from different sensilla fields, it is not surprising that different cells responded in different ways to the same stimuli.
Both mechanisms of encoding provide information about the haltere's movement, and both change spike timing in the primary afferents. Similar seemingly redundant neural codes occur in other sensory systems. Leeches encode touch using relative spike latencies, number of spikes and instantaneous firing rate [28] . The lateral line system in fish uses both phase and rate coding [29] , as does the somatosensory system of primates [30] . In visually stimulated interneurons in locusts, different spike train characteristics (firing rate, peak firing time and spike count) control specific actions of the downstream motoneurons [31] . In haltere primary afferents, the two encoding mechanisms have the same effect on a downstream neuron: a depolarizing spike would arrive at a different time when the haltere is laterally deflected. Recordings of downstream neurons will be required to investigate how the two mechanisms described here influence their spiking activity. In Drosophila, second-order neurons in the antennal lobe receiving the same vibration stimulus express different populations of ion channels, allowing them to encode, in parallel, both the overall energy and the phase/frequency of the vibration [32] . Similarly, downstream haltere-sensing neurons may respond in different ways to the encoding mechanisms we have described. Regardless, a downstream neuron will probably need to integrate information from multiple afferents to gain a fuller representation of the body's rotation (figure 6).
We predict that populations of sensilla converge onto interneurons (like contralateral haltere interneurons or other neurons [8] ) that are activated in response to different types of haltere motion. For example, there may be a population of primary afferents that are activated at different phases of the haltere oscillation during stable flight [16] , then shift phases during a yaw rotation so that they then fire simultaneously (figure 6a). These neurons could converge onto a single interneuron or motoneuron, depolarizing it above its threshold only in response to that specific yaw motion. Similarly, neurons that are silent during straight flight and activated when the haltere is moved laterally could also depolarize a downstream neuron, making it more likely to reach threshold and fire (figure 6b). In this way, a downstream neuron could act as a coincidence detector to sense body rotations from the input of a population of sensilla. The postsynaptic integration of input from multiple afferents will depend on the specific properties of the target neurons: recordings from known targets show EPSPs that range from approximately 1-2 ms (in the wing-steering motoneuron mnb1 [5] ) to approximately 20 ms (in neck motoneurons [6] ) in width. These different integration times would imply different sensitivities to the specific timing of input from the afferents. Further recordings from downstream neurons are necessary to fully test this hypothesis, but our data suggest that this is a possible mechanism for encoding the haltere's position and thus distinguishing different types of body rotations (figure 6c). Using both of Pringle's hypothesized encoding mechanisms, a single sensillum becomes an integral part of a population code that can dynamically represent haltere motion. 
